We propose an optical injection phase locked loop (OIPLL) as a high-gain amplifier for precise frequency transfer via optical fibers. The suitability of this approach for international optical clock comparison is evaluated.
Introduction
In the last few years, the transfer of ultra-stable optical frequencies has been achieved over progressively longer fiber lengths, most recently up to 1840 km [1] . The driver for such research is the need to perform improved optical clock comparison between national measurement institutes, which is currently limited by satellite-based techniques. Due to fiber loss, for distances exceeding 100 km, the transmitted optical carrier needs to be amplified without degrading its phase noise. Note that as opposed to standard telecommunication, the optical carrier is propagated bidirectionally over a single optical fiber in frequency transfer techniques so that the additional environmentallyinduced fiber noise can be efficiently cancelled [1] . To date, bi-directional Erbium Doped Fiber Amplifiers (EDFAs) [1] , Fiber Brillouin Amplifiers (FBAs) [1] , and Raman Optical-fiber Amplifiers (ROAs) [2] have been proposed and demonstrated for the simultaneous amplification of the optical carrier in both directions of propagation.
Here, we propose the use of an optical injection phase locked loop (OIPLL) [3] as an alternative solution for the regeneration of the optical carrier for frequency transfer techniques. Optical injection locking (OIL) can provide very high gain allowing fewer in-line amplifiers to be used. Moreover, it also allows for very low optical-signal-tonoise ratio (OSNR) degradation. Also, the OIL amplifies signals over only a narrow bandwidth (< 430 MHz in our experiment), suppressing noise at high offset frequencies and allowing for a close spectral spacing between the signals propagating in both directions (e.g. within a single 50-GHz wide telecom channel). Long-term operation is ensured by a feedback loop that compensates for slow drifts of the injection locking conditions. We characterize the performance of the OIPLL by measuring the short-term (phase noise) and long-term stability (Allan deviation), in order to assess the suitability of this technique for frequency metrology applications. 1 shows the OIPLL experimental set-up (grey boxes) and the characterization approach used. The master laser is a free-running, CW, 1555.7-nm fiber-based laser with < 10 kHz linewidth (Rock from NP Photonics). The master laser output is dithered (1% modulation depth) at 1 GHz, and split into two arms ('OIL' and 'reference' arms). In the OIL arm, the master signal is injected into the slave laser via an optical circulator. Bi-directional amplification can be straightforwardly implemented, e.g. with a 4-port cyclic optical circulator and two slave lasers. The slave laser is an isolator-free, discrete-mode semiconductor laser (200 kHz linewidth, Eblana Photonics) with an output power of 9 dBm. At its output, a 1 GHz beat signal between the carrier and sidebands is obtained via a 10% tap and a photo-detector (PD1). The beat signal is compared to the 1 GHz reference using an RF-mixer. In all our experiments, the OIL bandwidth is below 1 GHz and thus the OIL is not affected by the pilot tone. As explained in [4] , this enables us to use the 1 GHz RF-mixer output as an error signal for a slow electronic feedback loop which assists the OIL (thereby forming the OIPLL). In the feedback loop, we used a 1 kHz filter (limiting the maximum feedback speed to <1 kHz) and a proportional-integral (PI) controller, New Focus LB1005. For a fiber-to-fiber (F-t-F) Injection Ratio (IR, defined as the master power injected into the slave laser / slave output power, and set by a VOA) of -39 dB and -50 dB that we used in the experiments, the measured locking range was 430 MHz and 120 MHz, respectively. In our set-up, Fig. 1 , the reference arm is used for the measurement of phase noise and Allan deviation, and consists of a 35-MHz acousto-optic modulator (AOM) and a piezoelectric fiber phase shifter (PZT) used to keep the beat signal in quadrature with the reference signal (35 MHz) at the RF-mixer (phase detector). A feedback loop with <100 Hz bandwidth was used for the optical phase shifter. The frequency-shifted master signal was recombined with the slave output to be detected by PD2. The single sideband (SSB) phase noise from 100 Hz to 17.5 MHz offset is shown in Fig. 2(a) for the F-t-F IR of -50 and -39 dB. The best performance in terms of phase noise was obtained with feedback gain and PI corner set to 3 dB and 100 Hz, respectively. When the IR was -39 dB, the phase noise reached -107 dBc/Hz at 1 kHz offset. As compared to previously-published results, our phase noise at 1 kHz and 1 MHz were 22 dB and 10 dB lower than that reported in [5] , although we used about 10 dB lower IR (-50 dB). We believe this is due to the narrower linewidth of our slave and master lasers as compared to [5] . The integrated phase noise (σ 2 ), from 100 Hz to 17.5 MHz, decreases with increasing IR. This is because the amount of injection locking master-slave phase shift, as a function of frequency detuning, is inversely proportional to the size of the locking range (a detailed explanation and analysis is provided in [4] ). The measured Allan deviation is shown in Fig. 2(b) . During the measurement, the PZT phase shifter feedback was turned off. At short averaging time (1 s), the frequency stability is improved with increasing IR, as expected from the phase noise measurement, Fig. 2(a) . However, at long averaging time (1000 s), the Allan deviation reached the floor of our measurement set-up (measured by removing the slave laser and its circulator and entitled as 'interferometer floor' in Fig. 2(b) ) of 1×10 -19 for both cases (-39 and -50 dB). 
Experimental set-up and results

BPF
Conclusion
We investigated the suitability of the OIPLL for amplification in optical frequency transfer applications. The phase noise reached -107 dBc/Hz at 1 kHz offset for an IR of -39 dB. In addition, the Allan deviation reached the floor of 1×10 -19 at 1000 s averaging time for an IR down to -50 dB. The level of fractional frequency stability achieved suggests that this method is suitable for the comparison of optical clocks over optical fiber networks.
